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KINETICS OF MUSCULAR CONTRACTION-I**
The kinetics of muscular contraction is basic for the quantitative description
of muscle and understanding its molecular mechanism. However, the sub-
ject has been embarrassed by several historical accidents. First, due to the
lack until recently of adequate high (mechanical) impedance transducers,
attention was focussed on isotonic measurement; this led to the idea of
muscle as a shortening generator in series with an elastic impedance-an
idea which is quite misleading. Second, the facts surrounding the concept of
activation have been confused and oversimplified, partly because of the
above, but mainly because the experiments have been done almost exclu-
sively on the frog sartorius which turns out to be a special case, unsuited to
elucidating the general picture.
Activation as a precursor to the development of tension originates with
Gasser and Hill.' By applying a quick stretch at different times relative to
the stimulus they showed that
(a) Practically coincident with tension development there is a rise
in elastic modulus
(b) After a transient overshoot, the sustained tension, subsequent to
such a stretch, occurs earlier than in the unstretched muscle.
The implication from (b) is that early in the onset of contraction a
muscle is potentially able to develop some sizeable fraction of its full tension.
Thus it appears there are two possible measures of activation:
(1) Potential ability to develop tension
(2) Elastic modulus.
Hillu has given evidence based on (1) and (2) that activation is estab-
lished rapidly in comparison with the rate of development of tension.
Apparently impressive in relation to (1) is the following': the rate of
recovery of tension on quick release to zero from tetanus tension is only
10 per cent higher than that on initial stimulation. This is consistent with
his view, which this essentially negative experiment seems to confirm,
namely, that activation is a function of time only and is no way influenced
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by transient changes of length. However, Hill's result obtained with toad
sartorius does not hold in general, for in other muscles Goodall' found the
increase in rate of recovery may be as much as ten times greater.
Isotonic shortening in the retractor penis muscle of the turtle, Katz1'
found, is faster when delayed from the moment of stimulation, and he con-
cluded: ". . . the full active state is not developed immediately." He also
observed the isotonic analogue of the transient: namely, that on a quick
increase of load, the muscle takes some hundredths of a second to reach its
final rate of shortening.
In their studyof the estrogen-dominated rabbit uterus Csapo and Goodall
conjectured that activation is rate-limiting. They were unable to show this
by the elastic modulus criterion because, as Hill1' showed, the elasticity in
question is nonlinear. However, this merely raises the question whether the
increase in elastic modulus on stretch is not an effect on activation itself. In
this connection another of Hill's'0 results should be mentioned: on a rela-
tively rapid stretch there is an immediate increase of heat production. Since
this cannot be a heat of shortening, it must on Hill's own interpretation be
a heat of activation. But this contradicts his assumption that activation is
independent of stretch.
Finally, there is the problem of muscles which show maintained oscilla-
tions under suitable load (Pringle6'; Boettiger'). That this can also be
observed (Goodall'; Lorand and Moos'5) in extracted fibre systems from
mammalian muscles, where such oscillations do not normally occur, shows
that the mechanism involved must be universally present and any scheme of
muscle kinetics must be able to account for it without special assumptions
by suitable variation of its parameters.
FORMULATION OF THE PROBLEM
Elasticity. Hill'0 computed the change axe of elastic component xe of
length during isometric tension development for frog and toad sartorii using
the characteristic rate equation
(3) v =Se-y = kxa (1-y) / (a + y)
for the contractile component xe (in Hill's notation the dimensionless vari-
ables, x = xe + x = I/lo, y = P/Po, a = a/Po; and the rate constant
kx= Pob/alo. Po is tetanus tension, lo is rest length, and a is his "shorten-
ing" constant). Axe is the integral 5o'dy/8(1, y), where the dimensionless
elastic modulus
( Xe) x St)
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Hill's results show that 8 = 8(y) = 8(1, y) is an increasing function of
tension.
This, however, could have been predicted from the observation of
Ramsey'7 that for single fibres of frog sartorii,
(4) ( = ky(1 -y)
from which it follows that
(5)8 (:L) 82 (y+a)/(a +1)
where the normalized elastic modulus
82 = 8 (1, 1) = (a hiL)ky/kx
and (5) has the integral
(5) 82 Axe (a + 1) log I(y +a)/aI
for Axe = Xe(y) Xe(O)v
Hill" claimed to have verified the nonlinearity by the direct method of
observing y, Ax in a quick release, but this gives the transient elastic
modulus 8* = (8y/8x)t which may not be the same as (5). Actually, his
results show that 8* has the same functional form as (5) but with, in
general, different constants; let us say 8t, a*, which may, however, be func-
tions of the tension yt from which release was made. They can be calculated
from (y, Ax) during a quick release using the relation (5)'.
Activation. We can satisfy both definitions of activation (1) and (2) if
we write for the total time derivative of tension
(6) dy/dt = k(a -y) - v81a
where a is the activation and the last term expresses the fact that elastic
modulus is proportional to it.
The rate equation for activation we shall take as
(7) da/dt = k2(1 -a) - v82a
the molecular basis of this equation is discussed in the Appendix, the last
term here indicates that activation can be induced by stretch. The rate (6)
is supposed to be switched on at the end of latent period (whose events we
are otherwise ignoring here) but (7) may precede it by an interval which
we shall calculate.
Eliminating a from (6) and (7) we obtain the operational form
(8) (p + k2 +v82)(k-v81)-l (p+kl)y=k2 p = d/dt
For the steady state of isotonic shortening, p = 0 and v = const. so that
(8) becomes
226
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(v + k2/82) (y + /3K) = (1 + /K)k2/82
which is Hill's equation (3) if we set
(9) k2/82 = a k, ,8K = a, K -k2/k
The isometric rate equation obtained from (8) by putting v = 0 is
(10) (p+ki) (p+k2) (1-y) =0
with general solution
(11) I -y =Ae7-kit+ (1 -A)e7-k2t
where the constant A expresses the possibility that (6) may be switched on
after (7) in which case there will be an initial activation ao and
(12) A =(aO - K)/(K1
- ), K -k
if ki > k2 = ky the solution (11) reduces to that of (4) asymptotically and
for ao= K exactly. Thus a (log (- y), t) plot will tend to a line of slope
k2 intercepting the axis t = 0 at log (1 -ao)/(1 -K). The initial slope
will be aok1.
Transient effects. If we eliminate the velocity from (6) and (7), we
obtain, using (9),
(13) d(,8a-y)/dt= ki (y+a-a(l +a))
putting the right side to zero gives the steady state relation between a and y
which we have seen already gives (3). Putting the left side to zero gives the
relation for quick changes induced by stretch or release. In particular, we
can calculate the initial rate k* of recovery from a quick release to zero
from tension yt
(14) k* = k1 (yt (l- K
- 8) + K), for ao= K
and the rate of recovery when release is from tetanus tension is
(14)'k*y ky(/3-1)/a
thus if 8 > 1 + a, there will be an increase. The release required to abolish
tetanus tension is, from the integral corresponding to (5)', given by
81&xo= /3 log (1 - /3_i). From (7) we have in a quick release
Alog a = 82Ax, so that there exists a release Axi such that activation is
reduced to the value k2/k1 and then from (11) and (12) k* = ky. The ratio
(15)A&xi/Axo= logK
( log (1 -t1)
If we write the isotonic equation in the form
(16) v= k. (1-y/a)
valid for all times, we notice that the transient effect of the stimulus will not
appear at low loads, because effects (1) and (2) of activation just counter-
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balance here, nor will it appear at high loads because of the time required to
reach the tension involved. The same should apply to the isotonic analogue
of quick release, namely, quick removal of load. There should be no increase
of rate analogous to (14)'. However, there should be a transient on quick
application of load (analogous to quick stretch), the initial rate will be
(16)'v*=kx(l
- + Ay
A&y + af3/1 +
that is, zero forAy = a,8/( - 1) (1 + a).
There is a reservation which must apply to all stretch phenomena; it is
well known that (3) does not hold for y > 1 and the same may be expected
of (7) from its molecular basis. Without adopting a more sophisticated
model, the experiments would be consistent with k2 being reduced to
approximately ak2 for a > 1.
Elastic modulus in quick release. We have on release from tension yt
(17) 8* =Sia==8(yt(1 K) + K- '(yt- Y))
=82(y+3- 1)/f3 foryt 1
so we have the estimates
(18) 8t =81, a*8t 82(,8 1)(1 + a*)
while considered as a function of yt at y = yt
(19) 8*(yt) = 81((1 -K)yt +K)
Oscillatory phenomena. The second term on the right of (7) has the
character of a feedback which may under conditions of inertial load produce
maintained oscillations. For small amplitudes in the neighbourhood ar-y-1
we have
(20) (p + ki)Ay =kAa -(o/p) Ay
(21) (p + k2)Aa -(2o/p)/3-1Ay
where Wo/27r is the resonant frequency with load in the absence of feedback.
Solving, we get the secular equation
(22)
_ 2 + iw(ki + k2 -(k1 + /?lk2) w2/o2) + k1k2 + O
so that the condition for maintained oscillations is
(23) w2 = k1k2 + WS > kik2(4 + 1)/(1-/)
thus oscillations are possible if /8 < 1.
METHODS
Recording was electronic throughout, thermionic transducers (RCA 5734) being
used with a blue phosphor C. R. oscillograph (Dumont 304H) which was photo-
graphed directly (1:1 magnification) on bromide paper (Kodak 553). Sixty c/s
modulation of the beam was used for time register.
228
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For isometric recording the muscle was connected by a glass filament and hook via
a glass-metal ball joint to a 1: 10 reduction lever, mounted on miniature precision ball
bearings, to the transducer. The compliance of this system was several hundred times
less than the highest recorded in muscle and therefore neglected.
In the isotonic systeip the load was coupled through 10: 1 reduction, and the move-
ment recorded through a small compliance to the transducer. The error introduced by
changes in load offered by this compliance was less than 1 per cent.
1.0
y
s ~B /
4X
see-i
3.
FIG. 1. (A) Isometric tension development; first curve on left without release,
subsequent curves from quick releases to zero tension at times, t. (B) Initial rate of
recovery k* plotted against tension yt from which released. Estrogen-dominated rabbit
uterus, 37° C.
Quick stretches and releases were finally made by a moving iron transducer giving
an average velocity of 200 mm/sec. and operated by an electronic on-off cycle timer
synchronized with stimulus. However, for (Ax, y) curves a rack and pinion arrange-
ment with a relay trip mechanism was used, the voltage for the X-plates being derived
from a rotary potentiometer coupled to the pinion. The average velocity here was
120 mm/sec. In this arrangement the C.R.O. beam was set at low level until the
moment of release (or stretch) when it was intensified by a 30 msec. pulse triggered
by the trip relay. The average length of a muscle was 8 cms, so that a 3 per cent
release was achieved in a time At = 12-20 msec.
230
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For the rabbit uterus, methods, excepting above, were those used by Csapo and
Goodall.' For turtle muscles, Krebs solution (Umbreit)l modified to Na/K = 50,
gassed with 5% C0295%02 which served also as stirring, was used.
FIG. 2. (A) Shortening after quick application of load y = 0.5 at times indicated.
I marks end of latent period. (B) Shortening delayed (by a stop) by amounts indi-
cated. Shows that isotonic rate does not increase with delay as might be expected from
results in Figure 1. Dotted lines in either case indicate instantaneous elastic adjustment
to load.
Stimulation was effected with homogenous longitudinal field (E) of square pulses
(Grass S4B stimulator). A previous study of excitability employing essentially the
methods and interpretations of Rushton'9 had been made. The pulse durations T were
held at the point (E T min.) of minimum energy for muscle (not nerve) excitability.
Maximal stimulation, found to occur at 10 x threshold, was routinely used, as was also
the optimum repetition frequency. The latter turns out to be about half the reciprocal
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latent period and has Qio - 2. Some experiments were done with transverse stimulation
(Brown and Sichel') which established that conduction time effects do not enter into
the results.
RESULTS
Survey. The experimental values of measurable quantities referred to in
the analysis are given in Table 1 for three essentially different types of
muscle, together with Hill's for the sartorii. As a check on our experimental
FIG. 3. Logarithmic plot of the curve of Figure 1 (A); S, with stimulation alone;
R1, R2, release at times indicated. Origin of time shifted to eliminate latent period.
methods we may compare his toad sartorius with our turtle R. capitis
(normal) and see that the agreement is satisfactory.
The value of 82= ky/ak= 20 + 3 (s. d.) shows a satisfactory con-
stancy. The quantity (B - 1) = ak,*/ky which measures the amount of
(negative) feedback varies considerably as might be expected and a test of
the analysis is to see whether variables derived by independent measurement
are in agreement. From (18) we should expect 8t the normalised elastic
modulus to increase with /8 and it does, but the absolute values are all con-
siderably too high. We shall give reasons for attributing this to an addi-
tional parallel visco-elastic component; the values of a*8*, the modulus in
the limit of low tension, are in better agreement.
232
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From decay of transients on stimulation, quick release stretch or load we
have an independent estimate of k1 which we can compare with the theo-
retical value fky/a.
From the initial rate (= aok1) of isometric contraction we obtain the
initial activation ao to which we may give the following interpretation if
'TA is time delay between beginning of activation and that of tension develop-
ment then ao = k2TA. For comparison, the corresponding quantity k2TR for
the latent period TRis given in the next column, it
1.0 is seen that the first is an appreciable fraction of
the latter.
We have also given the value of K computed
N \ from (19); this is easily measured from the inter-
Y section of the tangents at Ax 0, for the length-
tension curves as given in Figure 5. Considering
the uncertainty in the base line for zero tension,
these values are in fair agreement with the values of
0 .o, *a .03 ,-= a/K from k*.
FIG. 4. "Non-linear" Rabbit uterus (estrogen dominated). This prep-
elasticity exhibited in aration supplies the most striking departure from
quick releases from a
range of developed ten- Hill's "rate of recovery" criterion for rapid activa-
sions; rabbit uterus, es- tion. Figure 1A shows isometric tension develop-
trogen dominated. Skele-metatrqikt-30 sc.rlae x tal muscles studies give ment after quick At 30 msec.) r ( -
essentially the same pic- -.05) to approximately zero tension at times t
ture, with results given in after the beginning of maximal tetanizing stimu- Table 1.
lus. The initial rate of Figure 1 recovery against
released tension yt is given in Figure 1B.
Striking though this result is, there are complications with the analysis.
The results indicate (,/ - 1) = ak*/ky
- .64. If we check this with the
other data, we have to conclude that k2 (and therefore a) is increasing with
duration of the stimulus.
Figure 2A shows the result of a quick application of load y = .5 at times
At = t -TR after the latent period. At the earliest time the rate is reduced
just to zero. Using (16) we can estimate what the activation at was at this
time and so estimate k2. We have
v=kx(1-y/(at±+/1y)) 0
hence
ao+k2t- at= (1-t-3)Ay
putting in the values ao .08, At = .2 sec. we get k2 = .57 sec.-' which is
about one-fifth of the final value obtained from isometric data of Figure 3.
As a check that kx (= k181) did not vary, the effect of delayed shortening
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at low load was observed. Figure 2B shows the result of delayed shortening
for y = .16; the increase in rate is less than 25%o which is probably
accounted for by the fact y > 0. We get confirmation of the above conclu-
sion when we look at the (log (1 -y), t) plot, Figure 3, of the results of
Figure 1. The curve S for stimulation alone shows a much slower approach
to the final rate than is consistent with any reasonable value of kl. The
curve R1 shows rapid decay of the increased initial rate which however
.2 A+ (sacs) .6 i
FIG. 5. Same plot as Figure 3, for R. penis (Pseudemys elegans), 0° C. Showing
that on stimulation alone (S) the asymptotic rate, ky. = 0.64 sec.'l, is reached instantly,
while the increased rate, k* = 2.2 sec.'1, on releas.e (R) from maximum tension falls
to the asymptotic value with a well-defined time constant, ki 5 sec.'l.
subsequently increases again. The later R2 shows the initial rate almost
maintained.
The method of evaluating a consisted in measuring the initial slope of the
load-velocity curve; it will be noticed that the value (from several muscles)
is considerably smaller than that obtained by Csapo and Goodall who used
the best fit to the whole curve. This is consistent with a and therefore k2
increasing with time.
Length tension curves in quick release are given in Figure 4. As men-
tioned earlier, the increase of 8* over 82 iS larger than expected from (18);
however, since all muscles gave a similar result, it was decided to study the
details in a muscle which is more easy to handle.
234
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Retractor penis (Pseudemys elegans). All the basic measurements given
above were repeated with this muscle. In the [log (1 - y), t] plot for
isometric tension Figure 5 curve S gives ky = .64 sec.-' and ao- K. The
increased rate, k* = 2.2 sec.-', on release from tetanus, cure (R), decays
A
.2 02
y
1.0 2.0 3,0
FIG. 6. (A) Showing continuity of elastic modulus between stretch and release, also
"saturation" of tension at higher levels. (B) Quick stretches showing decay of transi-
ent overshoot to the level associated with the component 52 from that associated
with d*.
with rate k, = 5 sec.-' in good agreement with the value ki = 6 sec.-1
obtained from quick stretch. Similar results were obtained at 100 higher
temperature.
With this muscle it is possible to throw some light on why 8t is greater
than predicted by (18). First, we show that there is continuity in elastic
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modulus between stretch and release, Figure 6A. One notices also that at
later times there is an increase in modulus at a given tension. Figure 6B
shows the transient following quick stretches, the main part of which
t (Sacs)
FIG. 7. (A) Transient after quick stretch from near tetanus tension. (B) Logarith-
mic plot of curves as in (A) at two temperatures showing presence of a rapid tempera-
ture independent component.
decays with rate k1 in agreement with data noted above. However, on closer
inspection, Figure 7A, there is a rapid initial part which can be seen more
clearly in a (log y, t) plot. This rapid part accounts for all of the excess
of 8* over the expected value and furthermore is easily recognized by its
236
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negligible temperature dependence. It increases with the developed tension
yt as can be seen in more detail from Figure 8; A is a plot of log (y +a*),
Ax in quick releases from various yt, the slopes are 8*1 and are plotted in B
FIG. 8. (A) Logarithmic plot of curves similar to Figure 9(A). (A x < 0).
(B) Increase in normalized transient elastic modulus 5t, with developed tension.
Dotted line approximate value of 52; R. penis, T = 100 C.
against y. For small developed tension St equals the expected value. One
may think of this as a passive parallel (visco-elastic) component and I shall
refer to it as such below.
Figure 9 shows the effect of increasing the release (from tetanus tension)
above the value Ax0 required to reduce tension to zero, in this case the
stimulus stopped simultaneously with the release so that effects on the sub-
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sequent duration of the active state could be observed. The result, namely,
that both rate of recovery and duration of active state are diminished, is
perhaps the most direct evidence in favour of the postulate embodied in the
last term of (7). The value ofAxl/&xo from (15) is 1.5 for this muscle and
the figure shows that the rate of recovery has in fact reached its limiting
value ky at about this level of release.
Retractor capitis collique (chrysemys picta). This muscle is interesting
because in solutions containing 2.5 mM Ca2+ it resembles, as noted previ-
ously, the toad sartorius studied by Hill."0' The increase in rate of recovery
1.0 I
O 2 3 4 5 6 ? 8
Seconds
FIG. 9. Showing recovery of tension after releases Ax, from tetanus tension, coincid-
ing with end of stimulus. Numbers refer to release parameter Ax/Axo; when the
latter > 1 there is delay while the slack is taken up under isotonic conditions. R.
penis, 00 C.
on quick release is only 15 per cent, while the values of k., ky are only
slightly larger. It is, therefore, significant that the same situation with
regard to cumulative effect of stimulus as holds for the rabbit uterus can be
induced in this muscle by Ca depletion (24 hours in Ca-free solution, con-
trol with Ca shows no change). Figure 10 is the [log (1 -y), t] plot.
Further, this effect is strongly temperature dependent. Figure 13 gives
temperature dependence of the apparent isometric rate constant (measured
at the point of inflexion of the (y, t) curve).
Some studies were made with this muscle (normal) of the elastic modulus
in the course of a twitch. Figure 12 shows the quotient "8" = Ay/Ax(Ax
.024) throughout a cycle. The interesting thing here is that elastic
modulus continues to rise after the peak of tension and thereafter falls
directly proportional to it. One may hazard the conjecture that the relaxa-
tion phase is dominated by the passive parallel component which constitutes
in effect a partly deactivated material.
238
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DISCUSSION
It is seen that the sartorius belongs to a group of muscles for which
,P (1 +a) and for which, therefore, most of the effects, apart from the
speed, would be unobservable.
The interval TA = ao/k2 between the switching on of the rate processes
(7) and (6) corresponds to the time during which latency relaxation
&YR is occurring in muscle. One has to conclude that activation per se
contributes a negative tension Ay = ya where AYR = yao 0.1%, SO that
.2 t(sWC,s)
FIG. 10. Logarithmic plot of Ca-depleted R. capitis (Chrysemys picta), 00 C.; show-
ing similarity to tension development in Figure 3. S, from stimulation alone; R, re-
leased from tetanus.
y .02. One can easily verify, adding the appropriate term to (6) and using
(7), that this decreases the observable value of 81 by an amount y82 .04
which is quite negligible. A more refined treatment of this question is clearly
desirable but this would involve among other things something essentially
more complicated than equation (7), for which experimental evidence at
present is lacking.
The picture which emerges supports the tension generator concept
according to which there must be correspondence between chemical states
and states of tension rather than of shortening. The conclusion that activa-
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tion is rate limiting in all muscles is somewhat revolutionary; however, the
evidence is rather direct that this is the case from the fact that muscles
which oscillate do so at a frequency some twenty times their isometric rate.
This would scarcely be possible if tension generation were rate limiting, and
is only so because there is direct coupling between activation and length.
FIG. 11. FIG. 12.
FIG. 11. Temperature dependence of isometric rate for Ca-depleted (X) compared
to control (0), muscles of Figure 11.
FIG. 12. R. Capitis collique (normal Ca) 00 C', course of elastic modulus "a" in a
twitch plotted as a function of tension (proceeding in direction of arrow). The rela-
tively low values of "a" obtained here are due to somewhat slower rate of release.
One can give these results a biochemical interpretation (actually the objec-
tive of this work) according to the reaction scheme
ATP k2
(24) Al-a + M
ATP ki
AM
a-y
AM
y
in which actin (A) and myosin (M) are binding the nucleotides adenosine
tri(di)phosphate AT(D)P and the notation * means the presence of
mechanical potential energy. The back reactions necessary for relaxation
have been omitted since the latter will be dealt with in a following report.
A structural model of contraction has been given by Hanson and Huxley8
which embodies the essential requirements of a tension generator. That is,
240
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one must have tension proportional to the number of interacting sites
between two rigid structures which can transmit it. A. F. Huxley'8 has
given a mechanism for this interdigitating model. His is, however, only a
first order system which does not account for the facts of activation or
elastic modulus and is applied only to obtain an approximation to the steady
state isotonic equation (3). His assumptions seem unduly elaborate for the
results obtained, and a simpler treatment, interpreting the analysis, is given
in the appendix.
a(A4)
FIG. 13. Equivalent circuit diagram of model site.
SUMMARY
A scheme of kinetics is proposed based on the concept of muscle as a
tension generator with the potential ability to develop tension defined as an
activation and an elastic modulus proportional thereto. In the rate equation
for activation a term is included which describes the effect of length changes
on activation. This is a feedback term causing various transient effects and
in a particular case oscillations with inertial load.
Parameters occurring in the analysis have been determined experi-
mentally and found to be reasonably consistent. Discrepancies can be
accounted for by the presence of a parallel visco elasticity and the cumula-
tive effects of stimulus. The results imply that activation in the sense
defined is always rate limiting.
The stimulus transient for isometric tension can be accounted for by a
delay between the beginning of activation and that of tension development.
This delay is normally about half the latent period, and appears to
correspond to the period of latency relaxation.
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Ca-depletion of muscle markedly reduces the initial rate constant for
activation, which, however, increases with time or the cumulative effect of
stimulation.
The feedback term has a natural molecular interpretation in terms of the
Huxley-Hanson interdigitating model of contraction. It is shown that the
coupling constant, found to be the same for all muscles studied, is equal to
the number of interaction sites along the interdigitating distance (approxi-
mately half the "A" band in muscle), while the feedback parameter depends
on the high energy phosphate potential.
APPENDIX
The mechanical circuit diagram leading to (6) is given in Fig. 13; the number (a)
of such elements is given by (7) which includes the statement that each unit tension
generator can act only over a given distance after which it is destroyed and is thus
associated with an unit of energy of chemical origin. It is the latter assumption which
justifies the term tension generator in this connexion, rather than the mechanically
equivalent shortening form, for then the concepts of chemical kinetics will apply to
the elements.
A model leading to (6) & (7) can be constructed on the following postulates
(1) There is interaction between two rigid linear chains such that their relative
motion is a transmitted to the ends (Huxley-Hanson model)
(2) Active bonds (a per unit volume) between chains are formed at sites a distance
-apart, with rate constant k2 where lo is the interdigitating distance.
(3) Deactivation occurs after reaching adjacent site one and the same side of each site.
(4) Each active bond acquires a tension generator (y per unit volume) of f units with
rate constant kL.
(5) Potential energy of tension generator is supplied by ATP.
(6) Each active bond has a linear elastic modulus of f51/lo.
Doubtless this model can be given a more sophisticated guise, its importance,
however, is that it allows one to attach a meaning to 52,8.
Let us first estimate the mol. weight M associated with one site. If f is the tension
and 1 the length and w the wet weight, extracted and intract muscles give maximally
fl/w = 3.5 X 103 gm wt/gm
taking w' the weight of actomyosin to be 15% this gives
fl/w' = -35 X 107 ergs/gm = .55 Cals/gm .15
According to Hill the total energy production is
dw/dt = k,(l + a - y) = k2/a02 (I + a - y)
in the same units as (3), while the rate of formation of sites at zero load is k2/(l+a)
hence
Mfl/w' = a 2 AF/(1+ a)2
where AF 8000 cals/gm mol is the free energy supplied by ATP. Hence, with
a = .25, and n mols of ATP acting at each site
M - 8000 X 3.3 -4800On .55-
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taking the chain length'8 of Myosin as 250 A/106 gm mol we have distance between
sites
l1/82 = 120n A
Both electron micrograph8 and physical chemical data' indicate that n = 3, so that
for 82 = 20, lo = 7200 A in agreement with the known half width of the "A" band.
If we assume that the elastic modulus is constant, then f,s = const, while according
to postulate (5)
f a AF = AFo + log[ATP]/[ADP] [P]
that is the available free energy of ATP which will depend on the presence of a
phosphate donor. If we take as "normal" values p = 1.25, AF = 8000 cals/mol, the
oscillating region will be reached for AF > 10,000 which is certainly in the range
available from donors such as Creatine phosphate7 and phosphoenolpyruvate' which
have been reported to induce oscillations.
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